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We investigate the effects of interatomic interactions and expansion on the distortion of inter-
ference fringes of a pair of initially well-separated, but coherent, condensate clouds trapped in a
harmonic trap. The distortion of interference fringes, which can lead to the spontaneous formation
of vortices in the atom clouds, depends crucially on two relevant parameters: the center-of-mass
velocity and peak density of the initial state. We identify three qualitatively distinct regimes for
the interfering condensates: collision, expansion, and merging, by the spatial and temporal features
of the fringe spacings. Using a comprehensive set of numerical simulations based on the Gross-
Pitaevskii equation, we specify the cross-overs between these regimes and propose the optimal the
system parameters required for dynamical instabilities and vortex creation.
PACS numbers: 03.75.Dg, 03.75.Lm, 67.85.-d
I. INTRODUCTION
Interference of two spatially separated Bose condensed
clouds of ultra-cold atoms has been widely studied [1–13].
These researches are of fundamental interest, for exam-
ple, in demonstrating the quantum nature of the con-
densate and in investigating decoherence. In addition,
such processes center on matter wave interferometry us-
ing ultra-cold atom condensates, which may have many
technological applications. Typically, there are two limit-
ing cases in which initially separated clouds can be made
to evolve so that they subsequently overlap. Firstly, they
can be allowed to expand by releasing from the confin-
ing potential that holds them apart, i.e. free expansion
[1, 3, 4], to avoid the complicating effects of interactions.
Secondly, they can be subjected to external potential gra-
dients that cause the clouds to move together and collide
whilst maintaining their form [11–13]. In realistic scenar-
ios, a interference process will, to some extent, involve
both the shape distortion and center-of-mass (c.m.) os-
cillation by keeping but relaxing the trap potential. The
resulting interference pattern will be more complex than
in either of the idealized cases, particularly for systems
in which inter-atomic interactions are involved. We re-
fer these three cases as expansion, collision and merging,
respectively. There has been some theoretical work on
freely expanding condensate clouds in which inter-atomic
interactions are shown to increase the expansion rate [14]
and create nonuniform interference fringes [15, 16]. How-
ever, to date there is little study on the general case, i.e.
merging, or how it compares with either the purely ex-
panding or purely colliding scenarios; in particular, the
complex dynamics of curved fringes in the interfering
BECs has not been systematically studied.
∗ yangt@nwu.edu.cn
It is now known that, while the behavior of very low
density condensates can be well described using elemen-
tary single-particle quantummechanics, systems in which
the interactions are stronger show behavior which is
quantitatively, and frequently qualitatively, different. It
was shown in Ref.[17] that the interference of two coun-
terpropagating interacting clouds can give rise to the
formation of persistent dark solitary waves and, subse-
quently, the nucleation of linear arrays of vortex rings. As
well as having implications for real matter wave interfer-
ometers, these processes are of intrinsic interest as an ex-
perimentally controllable route to homogeneous quantum
turbulence [18]. Recent experiment [19] has observed the
spontaneous formation of vortices in a ring trap in which
the condensate is split into three components and then
allowed to recombine. Related theoretical work focuses
on the role of recombination time (controlled by the time
of ramping down the central barrier of the trap potential)
and relative phase difference (controlled by the holding
time or phase imprinting[20]) on the formation of these
spontaneous vortices [13, 21, 22]. However, the detailed
description of how the combination of expansion and in-
terference of atom clouds affects the formation of nonlin-
ear excitations has not been shown.
In this paper, we model experiments in which a con-
densate is divided adiabatically into two coherent clouds,
for example by using a tailored magnetic potential from
an atom chip [4], the introduction of an optical barrier
via a shaped blue-detuned laser [6] or by passing counter-
propagating red detuned laser beams through an acousto-
optic modulator driven at RF frequencies [3]. We exam-
ine how the process of both expansion and collision affects
the interference patterns by varying the initial peak den-
sities of the clouds and their relative velocities of c.m.
oscillations (controlled by varying the trapping poten-
tial in which they move). The situation of interference
with respect to different initial displacements of conden-
sates has been well studied in Ref.[13], while the shape
2distortion of the clouds does not contribute. The sys-
tem is driven to different regimes by the competition
of the c.m. kinetic energy and the interatomic inter-
actions. In the underdamped regime the c.m. kinetic
energy is much larger than the interaction energy and
the system responds linearly similar to the noninteracting
system, while the overdamped regime is on the contrary
and the system is dominated by nonlinear effects. The
critically damped regime is a intermediate regime where
those two energy are of the same order. In this paper
we analyze the effects of combination of c.m. oscillation
and shape distortion on the system dynamics and exci-
tation properties. Our numerical simulations, based on
the zero-temperature mean-field Gross-Pitaevskii equa-
tion (GPE), show that in the overdamped regime, in-
terference fringes first develop non-uniform spacings and
then become curved. In extreme cases, the curvature can
become sufficient for there to be a net circulation around
a localized core region leading to the formation of a vor-
tex ring. This can be achieved at high densities but low
c.m. velocities during interference. While the maximum
c.m. velocities is high enough, the relative interference
time is short and the system cannot respond hydrody-
namically to the high-density fringes before the clouds
have passed through one another and the fringes have
disappeared. Through the analysis of a large set of sim-
ulations, we argue that there is a generic mechanism by
which the curvature of interference fringes due to inter-
atomic interactions and spatial non-uniformity can pro-
duce a net circulation and vortex formation. We further
identify a locus of points in parameter space at which the
instability fringe appears.
This paper is organized as follows. In section II we
describe the models we used to construct the system of
two interfering condensates in three different cases, i.e.
expanding, colliding and merging. The numerical proce-
dure for simulating the dynamics of the given system is
also introduced in this section. In section III, we pro-
pose a phenomenological formula which quantitatively
describes the interference pattern of two condensates. We
also identify three distinct interfering cases of the system
dynamics. Section IV shows the typical interference pat-
terns of the three different processes and the formation
of spontaneous vortices in merging condensates. Also
the relation between vortex formation and interference in
merging process is discussed. In section V, we summarize
general properties of the parameter space, including the
onset of the instability and vortex formation. Section VI
contains our conclusions.
II. SIMULATION MODELS
Our general protocol involves preparing each of a pair
of clouds in the lowest energy state of a harmonic trap.
The prepared clouds are then displaced in opposite direc-
tions and allowed to evolve when subject to a harmonic
trap potential, which need not be the same as that used
FIG. 1. Solid curves: schematic representations of the effec-
tive potential for preparing two condensates (a) and for the
interference process (b). Shaded areas in (a), (b) represent
the density profile |φ(0, z; 0)|2 of atom clouds.
to prepare the initial clouds. We begin with a trap po-
tential of the form
V (r, z; t) =
1
2
mω2
⊥
(t)r2 +
1
2
mω2z(t)z
2 , (1)
where r =
√
x2 + y2 and z are space coordinates of posi-
tions within the trap. The initial wave function φ0(r, z)
can be obtained by minimizing the energy functional
E[φ0] = 2pi
∫
∞
−∞
dz
∫
∞
0
rdr
{
~
2
2m |∇φ0|
2
+ V (r, z; 0) |φ0|2
+ 12g |φ0|4
}
, (2)
where g = 4pi~2as/m is the inter-atomic coupling con-
stant, and as is the s-wave scattering length. We use the
values as = 2.9nm and m = 3.82× 10−26kg appropriate
to a Sodium-23 condensate throughout this paper. The
corresponding normalization condition is
N = 2pi
∫ ∞
−∞
dz
∫ ∞
0
rdr |φ0|2 (3)
The initial state of a pair of clouds with displacement
∆ in opposite directions along the z-axis, as shown in
Fig.1(a), is then obtained by setting the order parameter
to have the form
Φ(r, z; t = 0) =
√
1
2 (1 +Q)
(φ0(r, z −∆) + φ0(r, z +∆)) .
(4)
This is a coherent superposition of two independent, nor-
malized, condensate wave functions. The parameter Q
has the form
Q =
2pi
N
∫
∞
−∞
dz
∫
∞
0
rdrφ0(r, z −∆)φ0(r, z +∆), (5)
which ensures correct normalization of Φ in situations in
which there is a overlap between two atom clouds ini-
tially. It is worth pointing out that the representation
in terms of a single order parameter, Φ, implies that the
two clouds are fully coherent and it is not the case that
there are N/2 atoms in each cloud.
3The subsequent evolution of the system in a new trap
with frequencies ωz and ω⊥, as shown in Fig.1(b), is stud-
ied by numerically solving the GPE
i~
∂Φ
∂t
= − ~
2
2m
∇2Φ+V (r, z; t > 0)Φ+ g |Φ|2Φ , (6)
assuming that the initial rotational symmetry about the
z-axis is preserved. The dynamics of the system is fully
determined by the trap potential used during the inter-
ference: expanding process with ωz = ω⊥ = 0, colliding
process with ωz = ωz(0) and ω⊥ = ω⊥(0) and merging
process with ωz < ωz(0) and ω⊥ < ω⊥(0). To avoid
the extra complexity may induced by the overlap of the
clouds prepared in a double-well potential as described
in Ref.[13] we will only discuss the situation where the
two clouds are spatially well separated.
III. ANALYTICAL APPROXIMATION FOR
MERGING CONDENSATES
In absence of interatomic interaction there exists only
kinetic energy and the interference fringes can be de-
scribed by a linear Schro¨dinger equation. So the un-
perturbed condensates always show planar fringes dur-
ing the interference. If interatomic interaction g |Φ|2Φ
is included the nonuniform density distribution is likely
to lead to distinct rates of spatial expansion in the in-
terfering condensates due to interaction-induced quan-
tum pressure, thus resulting in position-dependent fringe
spacings as well as curved fringes [1].
It is noted that if two condensates move along the z
direction, the interference fringe spacings are determined
solely by the expansion rate ηz and c.m. velocity Vz in
this direction, noted as λ(ηz , vz, t). In distinction to the
c.m. velocity which has no contribution for the nonuni-
form and curved fringes, the position-dependent expan-
sion rate of condensates arisen from the repulsive mean-
field interaction is a critical factor for distorted fringes.
Since for each slice of the trapped condensates along r,
the fringe spacings λ are associated only with ηz and vz,
we can simplify the quasi-2D interference issues into 1D
problems.
In the following, we attempt to find the generic rela-
tion between the mean-field interaction and the expan-
sion rate of interference peaks of condensates by studying
a 1D model whereby a single condensate initially confined
in a harmonic trap experiences freely expansion. Con-
ventionally the interference fringes of two condensates
are with similar shapes but distinct peak densities. The
nonuniform interactions induced by different peak den-
sities cause the fringes to expand at different rates, and
hence change its spacings. To match the features of in-
terference fringes, we initially prepare different 1D con-
densates, depicted by Φ(z, t = 0), with different number
of atoms but identical density profiles by adjusting har-
monic trap frequency. Subsequently we drive these 1D
condensates to expand freely by switching off the har-
monic trap and explore their expansion rates, which are
equivalent to those of the interference fringes of merging
condensates. We quantify the rate of expansion by us-
ing η =
∫
∞
0 z|Φ(z, t)|2dz/
∫
∞
0 z|Φ(z, 0)|2dz. Inspired by
a 3D model of a classical gas [23], we introduce a scaling
factor η(t) for our 1D case, where the condensate width
R(t) = η(t)R(0). The analytic solution of the expan-
sion rate can be derived by adapting the method used in
Ref.[23] to the 1D case. In the Thomas-Fermi approxi-
mation, η(t) satisfies the dynamic equation [23]
η¨ =
ω2z
η2
, (7)
where ωz is the trap frequency. By integrating Eq.(7),
we find
1
2
(√
η(η − 1) + log
∣∣∣√η +√η − 1∣∣∣) = ωzt√
2
. (8)
For small t, the solution for Eq.(8) is
η ≈ 1 + 1
2
ω2zt
2. (9)
For large t, η ≫ 1, and we obtain
η ≈
√
2ωzt. (10)
It is known that the peak density np of 1D condensate
increases with ωz. Eqs.(9) and (10) indicate that the ex-
pansion rate η of 1D clouds also increases with ωz, which
means that at a given time step the higher the peak den-
sity is the higher the expansion rate is. Fig.2 shows that
our simulations agree qualitatively with analytic predic-
tion: the short-time behavior of η(t) is approximately
quadratic with t while the long-time behavior is approx-
imately linear with t.
FIG. 2. The time-dependent expansion rate of the 1D freely
expanding condensate, with g1D = 1.3as, from our simulation
(curves from bottom to top have N = 100, 400, 600, 800);
Insert: short-time behaviors.
The expansion rate of a Gaussian wavepacket in the
absence of interactions can be described by ~ml2
z
. By in-
troducing an extra term α
~l2
z
, which is regarded as hy-
drodynamic pressure term in which α is assumed to be a
4parameter proportional to gnp, we propose a phenomeno-
logical description of the effect of the repulsive interac-
tions on the expansion of individual fringes. Qualitative
insight into the properties of the interference of two con-
densate can be gained by using a Gaussian ansatz,
φ(z; t) = C
√
1
1 + iχ(t)
e−(1−iχ(t))z
2/2σ2(t), (11)
for the wave function, where C =
(
pil2z
)−1/4
, χ(t) =
~t/ml2z + αt/~l
2
z and σ
2(t) = l2z
(
1 + χ2(t)
)
.
Now, we arrange a pair of well separated condensate
wavepackets ψ(z) initially at positions ±∆ along the z-
direction of the trap preparing them. The initial order
parameter of the system is then
Φ(z, t = 0) =
1√
2
(φ(z −∆, t = 0) + φ(z +∆, t = 0)) .
(12)
If the clouds are released in another trap they will move
toward each other with the same c.m. velocity v = ~k/m,
with time-dependent order parameter
Φ(z; t) =
1√
2
(φ(z −∆; t)e−ikz + φ(z +∆; t)eikz). (13)
Inserting Eq.(11) into Eq.(13), the effective wavelength
for the interference fringes can be deduced from the co-
sine term in |Φ(z; t)|2, which is
λ =
2pi[l4z + (
~t
m +
αt
~
)2]
2∆(~tm +
αt
~
) + [l4z + (
~t
m +
αt
~
)2]2k′
. (14)
In absence of any expansion of the condensates (in the
regime of colliding) as well as the interatomic interaction,
the time-dependent terms in Eq.(14) vanish and the as-
sociated fringe spacing reads,
λ =
pi
k
=
pi~
mv
. (15)
When the clouds reach their maximum overlap the fringe
spacing is λ = h2mωz(0)∆ analogous to classical interfer-
ence.
If we suddenly turned off the trap the center of the
clouds will not move (k = 0), which means that the two
wave packets expand freely and the interference fringe
spacing then is
λ = pi(l4zm+
~
2t2
m
)/~∆t (16)
when g1D|Φ|2 = 0. In general, the first term in the
bracket in Eq.(16) can be neglected with respect to the
second term at large t, resulting in the fringe spacing
λ = ht/2m∆, which has been used in experiment [1] to
explain the interference of two expanding condensates.
Except for these limiting cases, all other processes
of two condensates coming together are in the merging
FIG. 3. The zeroth-order (solid line) and the first-order
(dashed line) fringe spacings of two freely expanding conden-
sates versus time t with N = 3 × 104 (a) and N = 4 × 105
(b). The time evolution of the peak densities of the zeroth-
(dot-dashed curve) and first-order (dotted curve) fringes (c).
Dotted line in (a) labels the time, t = 3.3ms, at which the
zeroth- and first-order fringes appear and dotted lines in (b)
label the times that separate the three interference regimes.
regime. Obviously the inter-atomic interaction affects the
interference pattern in merging process. In this case the
contribution of the free expansion term ~t/m in Eq.(14)
can be ignored by comparing with that of the interaction
term. Eq.(14) then becomes
λ ≃ pi(l
4
z +
α2t2
~2
)
2α∆t
~
+ (l4z +
α2t2
~
)k
, (17)
where λ increases with increasing α (α ∝ gnp).
IV. DISTORTION OF FRINGES IN TWO
INTERFERING CONDENSATES
In this section, we illustrate “expanding”, “colliding”
and “merging” behaviors of two BECs numerically. In
particular, we focus on the role of the repulsive inter-
atomic interactions in the distortion of fringes and the
resulting spontaneous vortex formation.
5FIG. 4. Gray-scale plots of atom density (black=high) in
the z-r plane (axes inset) for interfering condensates, evolv-
ing with the process of expanding at t = 5.81ms(a) and
10.21ms(b). 0 and 1 label zeroth- and first-order fringes, re-
spectively.
A. Free Expansion of Well Separated Clouds
We set the initial separation of the two condensates to
be ∆ = 4.8lz with lz =
√
~/mωz(0) in a harmonic trap
with frequencies ωz(0) = 2pi × 180Hz and ω⊥(0) = 2pi ×
120Hz. Then, the system is allowed to evolve freely by
setting ωz = ω⊥ = 0. In the absence of interactions, the
order parameter of a single wave packet can be described
by [24]
φ(r, z; t) =
(
mω
pi~
)3/4
α⊥(t)
√
αz(t)
× e−(αz(t)−iβz(t))z2/2l2ze−(α⊥−iβ⊥)r2/2l2⊥
(18)
with αj = 1/
(
1 + ω2j t
2
)
and βj = ωjt/
(
1 + ω2j t
2
)
. Ac-
cording to Eq.??wave2), at arbitrary time t we have
n(r, z; t) = |Φ(r, z; t)|2
=
2α2
⊥
(t)αz(t)
pi3/2l2
⊥
lz
e−α⊥(t)r
2/l2
⊥e−αz(z
2+∆2)/l2
⊥
×
(
cosh
(
2αz(t)∆z
l2z
)
+ cos
(
2βz(t)∆z
l2z
))
(19)
From the cosine term in Eq.(19), we deduce that the
length scale characterizing the interference fringes is
λ(t) =
pil2z
∆
1 + ω2z(0)t
2
ωz(0)t
(20)
which, for t≫ 1/ωz(0), behaves as
λ(t) ∼ (pil2z/∆)ωz(0)t =
h
2m∆
t, (21)
which is the same as we derived from Eq.(16) of the 1D
model.
When the peak density of the system is low the non-
linear effect is not obvious. As shown in Fig.3(a), at a
relatively low density (N = 3 × 104), the growth of the
fringe spacing for the zeroth- and first-order fringes (de-
picted in Fig.4) is linear in time, which is similar to the
the non-interacting expression we discussed above. The
growth rates are nearly the same for short-time evolution
(t < 3.3ms), while there is only slightly difference for t >
3.3ms. At a higher density (N = 4 × 105), the interfer-
ence dynamics show distinct properties in three regimes,
as indicated in Fig.3 (b). In regime I (t < 2.25ms), the
growth of the fringe spacings is identical for the zeroth-
and first-order fringes due to the low density at the be-
ginning of the interference. Note that this is different
from the non-interacting behavior because the nonlin-
ear interactions increase the expansion rate of the clouds
[14]. In regime II (2.25ms< t < 9.75ms), the spacing
of the zeroth-order fringe grows faster than that of the
first-order fringes, indicating that the ideal fringe pat-
tern is distorted in the z-direction. Specifically, owing
to its higher density, the central fringe is thickened rel-
ative to its neighbors. In regime III (t > 9.75ms), the
growth rate of the zeroth- and first-order fringe spac-
ings reduces gradually, approaching the non-interacting
limit. For enough long times, the difference in the zeroth-
and first-order fringe spacings becomes negligible and the
fringes are uniform.
B. Collision of Well Separated Clouds
In this set of simulations, the initial state is prepared
as before for a range of value of N . However, the trap
remains present during the dynamical evolution, as de-
picted in Fig.1(b), so that the two clouds are accelerated
towards one another. For low-density condensates at a
large displacement, the system behaves, at least over one
period of the longitudinal trap, like an ideal Bose gas.
Since we keep the trap frequencies unchanged, the ini-
tial state is a superposition of two coherent states of the
oscillator potential, so that
Φ(r, z; t) =
1√
2
e−r
2/2l2
⊥
(
e−iK(t)ze−(z−Z(t))
2/2l2
z
+eiK(t)ze−(z+Z(t))
2/2l2
z
) (22)
where Z(t) = ∆cos (ωzt) and K(t) = ∆ sin (ωzt) /l
2
z.
The initial density distribution of the system is shown
in Fig.5(a). Subsequently the two clouds are released in
the trap and approach each other. The clouds are maxi-
mally overlapping at time t¯ = pi/2ωz when they reached
the bottom of the trap. The corresponding c.m. velocity
v¯ and the fringe spacing λ are given by
v = ωz∆ , (23)
λ¯ =
2pi
K (t¯)
=
2pi~
mv¯
=
2pil2z
∆
. (24)
The collision velocity and the fringe spacing under the
given parameters are v¯ = 6.08lzωz and λ¯ = 1.036lz, re-
spectively. In Fig.5(b) we can see that interference fringes
are nearly straight within the first half period of c.m. os-
cillation. It is due to the fact that at a relative high
peak c.m. velocity v the interaction induced scattering is
6FIG. 5. Gray-scale plots of atom density (black=high) in
the z-r plane (axes inset) for double condensates, evolving
with the process of colliding at t = 0ms (a), 2.01ms (b), and
merging at t = 1.21ms (c), 2.01ms (d), 2.41ms (e), 3.61ms (f),
4.11ms (g), 4.41ms (h); The phase of the BEC wave function
within the dashed box in (h) is shown at the bottom of the
density profile (black=2pi, white=0).
not effective due to the short interference time. With in-
creasing number of atoms (increasing n0) the interactions
are more important during the interference. Fig.6 shows
the effect of the nonlinear term on the fringe pattern of
the colliding condensates with different atom numbers.
For an initial peak density n0 < 1.52 × 1014cm−3, the
peak density of the zeroth- and first-order fringes in-
creases linearly with atom number, as expected for in-
terference in a system governed by a linear wave equa-
tion. In this regime, for given initial trap frequencies
and separation of the clouds, the fringe spacings are in-
dependent of the initial density distribution. However,
when n0 > 1.52 × 1014cm−3, the peak densities of the
first two fringes depend sublinearly on n0. The gap be-
FIG. 6. The peak density of the zeroth- (dashed curve) and
first-order fringes (solid curve), and the zeroth- (solid curve
with crosses) and first-order fringe width (dashed curve with
circles) versus the initial peak density of the condensate, n0,
in “colliding” process with fixed g.
tween the two fringes increases with n0, with the re-
sult that the differences between fringe spacings increase
as well. When this difference in the high-density re-
gion becomes sufficiently large, the fringes become signifi-
cantly curved leading, ultimately to vortex formation. In
Ref.[13] we showed that with the same number of atoms
but smaller displacement, especially when the peak c.m.
kinetic energy is the same order as the interaction energy
(∆ ∼ RTF ), the distortion of the fringes become quite
sizable and after the first interference the two clouds can
not separate clearly. The next interfering is then dom-
inated by the interatomic interactions with soliton and
vortex excitations.
Furthermore, our phenomenological formula Eq.(17)
gives a good description of the nonuniform fringes. The
higher density in the zeroth-order fringe, characterized
by larger α, leads to a larger fringe spacing than that of
the first-order fringe.
C. Merging of Well Separated Clouds
To study the merging process, the condensates are
originally prepared in a harmonic trap with frequencies
ωz(0) = 2pi × 800Hz and ω⊥(0) = 2pi × 533Hz. The to-
tal number of atoms is N = 3 × 104 with peak density
of the ground state clouds being n0 = 4.11 × 1015cm−3.
We chose the c.m. displacement, ∆ = 2.8lz, which is
smaller than that used above to strengthen the role of
interactions. At time t = 0, we suddenly change the trap
frequencies into ωz = 2pi× 180Hz and ω⊥ = 2pi× 120Hz.
Since these frequencies are much smaller than those used
for preparing the clouds, each cloud expands due to inter-
nal pressure as well as undergoing bulk oscillation, which
allows us to investigate the effect of the combination of
expansion and oscillation of clouds on the dynamics of
the system.
7Fig.5(c)-(h) show the time evolution of the density pro-
file. The process of both expansion and collision leads to
a distorted fringe pattern with the characteristic config-
uration that there are “thicker” fringes in the center of
the cloud and a larger fringe spacing, towards the edge
of the cloud where interaction effects are negligible and
the fringe spacing is closer to its non-interacting value
(Fig.5(c)). This curved fringe pattern is similar to that
observed in experiment [1] where condensates with small
separation tend to form large variations in density in
the merging region. After the clouds have completely
merged, the fringe spacings become smaller, and the dis-
tinction between the center and edge part as well as the
zeroth-order and first-order peak, reduces correspond-
ingly (Fig.5(d)). The most significant phenomenon is
that along r = 0 the zeroth-order fringe spacing is not
the widest part as seen in Fig.5(c) and 5(d). This is
quite different from the zeroth-order fringe formed in the
critically damped regime where there is only bulk c.m
oscillation [13] which takes a lenticular shape. This kind
of distortion is induced by the expansion of the clouds,
which makes the scattering between two clouds in the r-
direction sufficient. From Figs.5(c)-(e) we can see the ex-
pansion of the clouds in the radial direction is sizable and
the self-interference in the radial direction in the follow-
ing collisions will increase the instability of the system.
This eventually causes decay of interference fringes via
snake instability [25] leading to the spontaneous vortex
formation as shown in Fig.5(h).
FIG. 7. Oscillation of condensate atom number Nr (a) and
Nrz (b). The dotted line is sin(ωzt) with arbitrary amplitude.
The complex interference pattern can also be inter-
preted by Eq.(14). At the beginning of the merging
(t < 2.1ms), the expanding speed of an atom cloud ve
is larger than its c.m. speed, vm, due to the very large
n0, and thus the fringe spacings are dominated by the
term αt/~ in Eq.(14). This implies that the larger peak
density of the fringes, the larger α, resulting in larger
λ. Therefore, the fringe spacings approaching z = 0, are
slightly larger than those at the edge, because the peak
density of the zeroth-order fringe is larger than those of
higher-order fringes. With time evolution in the merging
process, the increasing k and ~t/2m in Eq.(14) gradually
dominate, resulting in smaller fringe spacings and less
variation of the fringe spacings between the center and
edge of the clouds.
As shown in Fig.5(d) and (e), the strong interactions
in the center of the clouds, lead to a net radial flow of
atoms in the high density fringes, triggering a sound wave
in the central peak which propagates radially from posi-
tion 1 to 2. Our calculation shows that vr ≈ L1,2/t1,2 =
11.1mms−1, larger than 2vm (≈ 9.8mms−1). This rapid
outflow leads to complete depletion of the center of trap
after the two clouds have passed through one another, re-
sulting in the formation of a dark soliton (see Fig.5(e)).
When the two clouds recollide at time 2t, both are rec-
ollapsing radially leading to an enhanced density in the
bright fringes causing an even greater longitudinal expan-
sion and greater density gradients in the radial direction
(see Fig.5(f)). The curvature of the fringes is thus even
greater than in the first collision, as shown in Fig.5(g),
and is sufficient to generate a net circulation around lo-
calized regions that are fully depleted: vortices are gen-
erated, as seen in Fig.5(h).
In Fig.7, we show quantitatively the scattering ef-
fect by plotting the dynamics of Nr, which is the num-
ber of atoms with r-component of momentum kr =√
k2x + k
2
y > 20dkr where 2pi/20.05lz is the spatial reso-
lution of the simulation. Nrz is the number of atoms with
kr =
√
k2x + k
2
y > 20dkr and kz > 40dkz. In Fig.7(a) the
first and the third peak are induced by the interference
of the clouds in the first period of the c.m. oscillation,
while the second one arises from the self-interference of
the clouds in the r−direction. The interference starts
very soon after the clouds are released in the trap and
the value of Nr increases up to 20.5% rapidly, and the
second peak is higher than the third one, which highlights
the fact that the expansion enhances the scattering effect.
In absence of expansion (Ref.[13]) the scattering effect is
weaker than here so that the second peak is much lower
than the third one. As shown in Fig.7, at t = 4.41/ωz
the spontaneous vortex generation (see Fig.5(h)) highly
depresses the number modulation.
In general, due to strong inter-atomic interaction and
the competition between vm and vr, additional degrees
of freedom are generated, with the result that the high-
density areas from the interference peaks encircle the low-
density areas between them (Fig.5(g)). The positions
of the vortex rings correlate naturally with the previous
positions of interference valleys. Naturally, the formation
of vortices from quantum reflection of high-density and
low-velocity BEC [17] is analogous with our results.
V. GENERAL FEATURES IN THE
PARAMETER SPACE
To explore the interference properties and characterize
the spontaneous formation of vortices over the param-
eter space, we have performed a comprehensive set of
8numerical simulations to obtain Fig.8. Each data point
in Fig.8 (a) and (b) is derived from a set of at least 12 dy-
namic calculations. We identify the three types of process
through their interference characteristics. In an expan-
sion process, the interference fringes are time-dependent
and uniform. In the colliding process, the fringes are
static and uniform while the clouds are fully overlap-
ping. The interference pattern in a merging process is
time-dependent and nonuniform.
FIG. 8. In (a) and (b) the cross-overs between different qual-
itative behaviors are illustrated. The generic “merging” pro-
cess is identified by a fringe non-uniformity of at least 0.4lz
between zeroth- and first-order fringes in case (a) and at least
10% in case (b). In (a) a pair of identical clouds are placed
a distance ∆ apart and allowed to expand in the absence of
any trap potential. In (b) the clouds evolve in a single trap
potential. In (c) the locus of points in the parameter space
above which vortices are produced is shown schematically for
a generic process. Insert: three density configurations for the
same clouds with different separations in the merging and
overlapping process with their parameter points arrowed.
Fig.8 (a) demonstrates that starting in the freely ex-
panding regime, moving to higher initial densities or
smaller initial separations will produce the more gen-
eral merging behavior. This is exhibited by a loss of
homogeneity in the fringe spacing and, in turn, fringe
curvature. The upwards curve of the boundary between
expanding and merging behavior is similar to that for the
boundary between colliding and merging behavior shown
in (Fig.8 (b)).
Based on the analysis of the dynamics over a large
portion of the parameter space, Fig.8 (c) summarizes the
formation of vortices in merging BECs. Above a critical
initial density, nc, vortices will form during the second
overlap of the two clouds within a definite range of initial
c.m. velocities. If the velocity is too low then damping
of the motion during the first overlap effectively arrests
the dynamics. The low velocity leads to a large fringe
spacing so that, even towards the edges of the cloud, the
curvature is never sufficient to cause a net circulation.
If the collision velocity is too high, the hydrodynamic
response of the cloud is too slow and the clouds have
separated before any significant distortion occurs [26] (in-
serted plot in Fig.8 (c)). Our simulations show that the
curvature of the interference fringes is of importance in
the formation of vortices and that the number of fringes
within the cloud determine the number of vortices. This
is shown in the inserted plots of Fig.8 (c) where the five
fringes from the short initial separation result in the for-
mation of two vortex rings while the nine fringes from
the large initial separation cause six vortex rings. The
connection between the distortion of fringes and the for-
mation of vortices can explain the experiments in which
more vortices are generated in the faster merging, inter-
fering region [6]. The faster merging produces more in-
terference fringes, creating the possibility for the forma-
tion of more vortices in the region. The diagram in Fig.8
is based on the specific material parameters described in
the previous sections. Simulations using different param-
eters give results that are similar but with the cross-over
lines in Fig.8 shifted. In general, for the smaller values of
the coupling constant, g, and with the larger numbers of
atoms, it is easier to observe the crossover from colliding
process to merging process.
Finally, we address the effect of the halo of scattered
atoms, produced by the counter-propagating conden-
sates, on the interference pattern. The phenomenon that
if two BECs collide at a sufficiently high velocity, a halo of
elastically scattered atoms is produced, has been demon-
strated by both experiments [27–29] and theory [30, 31].
In the expanding and merging processes of our system,
the scattered atoms might not have significant effect on
the interference patterns because the rapid decrease of
the densities corresponding to the fast expansion of the
clouds would reduce the rate of atom-atom collision in
merging areas. For the colliding process, the visibility
of the interference can be reduced and the fringes can
be distorted due to the scattered atoms. However, these
effects can be suppressed or avoided if the density and
velocity of clouds are low, or the colliding process is con-
trolled by properly adjusting the barriers [6, 11, 12].
VI. SUMMARY
In summary, we have investigated the distortion of in-
terference fringes and vortex formation in two merging
condensates and identified three distinct regimes in situ-
9ations relevant to atom interferometry. Our simulations
provide an explanation of recent experimental work [6],
where the faster mergence of three BECs creates more
vortices. The regularity of vortex formation and interfer-
ence might allow for the design of experiments to study
vortex creation and the dynamics of regular, linear, vor-
tex arrays. Our latest calculations show clearly that one
could control the density of vortices generated by tuning
the fringe spacing.
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